Rituximab is a monoclonal antibody directed against CD20, which is approved in rheumatoid arthritis (RA). This study aimed at assessing the influence of CD19+ cell counts as target-antigen amount, and of immunoglobulin G (IgG) serum concentrations on rituximab pharmacokinetics in RA patients.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Rituximab is effective in rheumatoid arthritis but clinical response and time to relapse vary between patients.
• Rituximab concentrations can be studied using a two-compartment pharmacokinetic model.
• In rheumatoid arthritis patients, the volume of distribution of rituximab increases with body weight and is higher in males.
WHAT THIS STUDY ADDS
• As previously reported in haematological malignancies, target-antigen amount influences rituximab pharmacokinetics in rheumatoid arthritis.
• Rituximab elimination rate constant increases with CD19 + cell number and pretherapeutic immunoglobulin G serum concentration.
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by synovitis, joint destruction, and bone erosions leading to disability. Conventional diseasemodifying antirheumatic drugs (DMARDs), such as methotrexate, and biological DMARDs targeting proinflammatory cytokines, such as tumour necrosis factor α, interleukin-1, interleukin-6, or the adaptive immune system, including B-cells or T-cells costimulation, are nowadays the cornerstone of the therapeutic management of RA [3] . Among them, rituximab is a chimeric immunoglobulin G (IgG) monoclonal antibody that targets CD20 and promotes a rapid and prolonged peripheral B-cell depletion [4] . Rituximab is approved as a second line treatment in active RA patients in combination with methotrexate [5, 6] . However, there is a large difference in clinical response between patients. Different factors have been proposed to influence response to rituximab, including a high baseline disease activity score in 28 joints (DAS28), fewer previous tumour necrosis factor inhibitors anti-drug antibody, rheumatoid factor positive, and anticitrullinated protein antibodies in controlled or uncontrolled studies. Moreover, the optimal dose and interval for retreatment remain uncertain. To assess this gap of knowledge specific pharmacokinetics studies are needed [7] .
As rituximab is also approved in CD20 lymphomas and chronic lymphocytic leukaemia, previous studies in oncology-haematology suggested that rituximab pharmacokinetics may be influenced by target-antigen burden: in patients with low-grade follicular lymphomas, high tumour volume and lymphocyte count at baseline were associated with low rituximab concentrations [8] . In a murine model of lymphoma expressing human CD20, rituximab elimination increased with tumour volume [9] . Finally, rituximab elimination rate was shown to decrease with time, an observation which was attributed to a decrease in lymphocyte burden with time in chronic lymphocytic leukaemia [9] .
In addition, the influence of pretherapeutic IgG serum concentration on the response of RA patients to rituximab has previously been reported with contradictory results. Increased IgG concentration was associated with a poorer response to rituximab in a single centre prospective study of 67 RA patients [10] , whereas it was associated with a better response in a much larger multicentre randomized study of 205 RA patients [11] . One hypothesis may be that the association of IgG concentration with clinical response may be due to its influence on rituximab pharmacokinetics.
A previous study described rituximab pharmacokinetics in RA patients using population pharmacokinetic modelling, but this study investigated neither the influence of antigenic burden nor of IgG serum concentration [13] . Since both lymphocytes-B count and IgG serum concentration may alter the pharmacokinetics of rituximab, the present study aimed at assessing and quantifying the influence of these factors on rituximab pharmacokinetic in RA patients.
Methods

Patient cohort and study design
We retrospectively analysed data from 64 consecutive RA patients who started rituximab treatment in the routine clinical practice of the department of rheumatology of the University Hospital of Tours between July 2007 and October 2010, who fulfilled American College of Rheumatology criteria, and received one or more courses of rituximab. A course was defined as the standard regimen of rituximab infusion of 1000 mg on days 1 and 15. Follow-up visits and evaluation for the recurrence of symptoms between each course were scheduled at weeks 12, 24 and 48 as described previously [14] . The follow-up period was completed in November 2012. Decisions about retreatment and treatment intervals were based on clinical response to the previous cycle and symptoms of relapse after 24 weeks (as-needed basis) [15] . As individual results for serum rituximab concentrations were sent to the prescriber within the framework of a routine therapeutic drug monitoring service and were discussed during clinic-biological rounds, ethical approval and informed consent was not sought. The study protocol was in accordance with the guidelines of the French Society of Rheumatology [5] .
Demographic data
Prior to rituximab treatment, data were collected on sex, age, weight, height, body surface area (BSA), duration of the disease, initial DAS28 and previous history of treatment with methotrexate, corticosteroids or biological DMARDs.
Biological data
Erythrocyte sedimentation rate, C-reactive protein, anticitrullinated protein antibodies were measured at baseline and presence of rheumatoid factor was detected. B-cell number was assessed by CD19 counts at each visit, prior to each rituximab infusion using flow cytometry, as previously described and without additional sampling [14] . Pre-therapeutic serum concentrations of IgG were measured by nephelometry (BNII nephelometer; Siemens Healthcare Ltd, Camberley. Surrey. UK) at the Immunology Laboratory, University Hospital of Tours prior to each rituximab infusion.
Rituximab concentrations
Rituximab concentrations were determined by a standardized and fully validated ELISA derived from Blasco et al. [16] . Microtitre plates were sensitized overnight at 4°C with 1 μg/mL of anti-rituximab antibody (AbD Serotec, Kidlington, Oxfordshire, UK), blocked with phosphate buffered saline/1% (w/v) bovine serum albumin, followed by the addition of standard curve, control or patient sera, and detection using anti-human IgG-horseradish peroxidase (Sigma-Aldrich, St. Quentin Fallavier, France) and FAST o-phenylene diamine dihydrochloride (SigmaAldrich). The colorimetric reaction was recorded on a Biotek EL 808 plate reader at wavelengths 490 and 630 nm and the results were analysed using GEN5 software. Measurements of the rituximab concentrations in patients were made after a minimal 1/100 dilution of samples phosphate buffered saline/1% (w/v) bovine serum albumin/0.05% Tween. The criteria for data acceptability included accuracy of no more than 20% deviation from the actual value and imprecision <20% [16] . Limit of detection, lower limit of quantitation, and upper limit of quantitation of the assay were 0.061, 0.20 and 9.0 mg l quality controls, respectively.
Because 27.9% of rituximab concentrations were below the quantitation limit (BQL = 0.061 mg l -1 ), BQL concentrations were interval-censored as being superior to 0 and inferior to 0.061 mg l -1 . Indeed, censoring BQL data was shown to be the best strategy to provide unbiased parameter estimates in the presence of data containing BQL concentrations [17] .
Pharmacokinetic analysis
Population pharmacokinetic analysis of rituximab concentration-time data was performed using the nonlinear mixed-effects program MONOLIX 4.3.2 software (Lixoft, Saclay, France). Many iterations were performed to reach the best stochastic approximation of the expectationmaximization convergence (K1 = 700 and K2 = 300, where K1 and K2 are the 'iteration kernels' 1 and 2 in MONOLIX). Two Markov chains were used, and simulated annealing was applied to improve the convergence of the stochastic approximation of the expectation-maximization algorithm towards the global maximum likelihood. The Fisher information matrix and likelihood were computed using stochastic approximation and importance sampling, respectively. The random seed was changed between each run.
Structural pharmacokinetics model design
Rituximab concentrations were described using compartmental pharmacokinetics models. One-, two-and threecompartmental mammillary models with first-order distribution and elimination rate constants were tested. Structural models were compared using Akaike's information criterion (AIC). AIC was defined as: AIC = OFV + 2.p, where the objective function value (OFV) is the À2 log-likelihood (À2LL) and p is the number of model parameters to be estimated. The structural model with lowest OFV and AIC was chosen.
Interindividual, intercourse and residual models
Interindividual variability (IIV) refers to differences in pharmacokinetics parameter values between individuals, whereas intercycle variability refers to interoccasion variability (IOV; i.e. differences in pharmacokinetics parameter values between courses/cycles). In this study, a course is considered as a rituximab treatment cycle of 2-weekly 1000 mg day -1 . Both IIV and IOV of pharmacokinetic parameters were described using an exponential model: 
Covariates
The influence of both continuous (COV) and categorical (CAT) covariates was analysed using power functions of pharmacokinetics parameters. The continuous covariates were age, BSA, DAS28, CD19 counts and IgG serum concentrations. All the continuous covariates were centred on their median and were power transformed as follows:
β COV , where θ 0 is the θ value for a median subject, β COV quantifies the influence of COV on θ and med (COV) is the median value of COV. The categorical covariates were sex, corticosteroid, methotrexate cotreatment and the number of rituximab treatment courses (RTC). The influence of categorical covariate on θ TV was determined using Ln(θ TV ) = Ln(θ CAT=0 ) + β CAT=1 , where θ CAT=0 is the value of θ for the reference category and β CAT=1 is a parameter which provides the θ TV value for the other category. Among these covariates, CD19 counts, serum IgG concentrations and RTC were tested on both IIV and IOV. As a categorical covariate, RTC categories were 1, 2, 3, 4 and 5. Since only one patient had five rituximab courses, fourth and fifth rituximab courses were gathered. The influence of RTC CAT was determined as follows:
The first rituximab course was taken as a reference. Moreover, the RTC was also tested as continuous covariate. As a continuous covariate, the influence of RTC power was transformed and centred on the first rituximab course.
Model comparison and covariate selection
The OFV and AIC of the interindividual, interoccasion, residual and covariate models were compared using likelihood ratio test (LRT), and the model with the lowest OFV was chosen. The difference in OFV (ΔOFV) between two models was assumed to follow χ 2 distribution. The influence of the selected covariates was assessed using stepwise approaches i.e., univariate and multivariate. Univariate step was intended to assess the influence of each covariate on the pharmacokinetic parameters associated with IIV. During this step, the covariates were added individually to the base model. The covariates that exhibit significant influence (α < 0.1) were included in the full model. Multivariable step (backward stepwise) analysis involves the elimination of covariates from the full model one-by-one, until a statistically significant increase in the OFV (α < 0.01) was noticed. The remaining covariates were retained in the final model. The goodness of covariate description was inspected by visual inspection of random effects (i.e., η i vs. covariate plots).
Model goodness of fit and evaluation
The goodness of fit for each model was assessed by plotting population-predicted and individual-predicted rituximab concentrations vs. observed rituximab concentrations, and individual-predicted and observed rituximab concentrations vs. time. Residual distribution was evaluated by graphical inspection of population-weighted residual and individual-weighted residual distributions, and normalized prediction distribution errors [18] .
Simulations
Simulations were made after the modelling step with estimated pharmacokinetics parameters. Pharmacokinetic profiles with five CD19 count values (10, 50, 100, 200 and 500 μl À1 ), five serum IgG concentration values (5, 10, 15, 20 and 25 g l -1 , respectively) and five rituximab treatment courses with typical parameters for a median BSA patient (1.8 m 2 ) were used to analyse the quantitative influence of (i) CD19 count and (ii) serum IgG concentrations on elimination, and (ii) of RTC and CD19 count on volume of distribution and elimination. Dosing regimen was 1000 mg doses at weeks 0 and 2. Table 1 Summary of patient's characteristics 
Results
A total of 64 patients, with a number of courses ranging from one to five per patient (125 rituximab courses), were included retrospectively ( Table 1 ). The pharmacokinetics analysis was based on 674 blood samples. Rituximab concentrations were best described using a two-compartment model with firstorder distribution and elimination constants (one-, twoand three-compartment AIC were 8435.4, 4524.3 and 5203.2, respectively). Parameterization as first-order transfer and elimination rate constants led to reduced AIC compared to volume/clearance parameterization (4524.4 vs. 4645.5), lower shrinkages (Sh k10 = 31% vs. Sh CL = 49%, respectively) and decreased correlation of estimates between Vc and elimination parameter (r k10 = 0.15 and r CL = 0.32, respectively) and was therefore chosen. Population, individual residuals and normalized prediction distribution error plots showed that there was no obvious model misspecification ( Figure 1 and Table 2 ). The plot of observed vs. model-predicted population concentration showed a trend towards under-prediction of high concentrations is due to inter-course variability. The estimation of IOV for both Vc and k 10 significantly improved the model (ΔOFV = 56.3). IIV of the distribution parameters from central-to-peripheral compartment (k 12 ) and from peripheral-to-central compartment (k 21 ) were poorly identifiable and therefore were set to 0. The best residual model was mixed additive-proportional. Pharmacokinetic parameters were estimated with good accuracy. Distribution (T½-α) and elimination (T½-β) half-lives were 0.9 days and 17.3 days, respectively. Plots of predicted vs. observed concentrations showed that the pharmacokinetics model described the data satisfactorily (Figure 1) . During univariate analysis, sex and BSA were found to influence Vc. RTC was found to influence IOV of Vc. Counts of CD19, serum IgG concentrations and RCT were found to influence both IIV and IOV of k 10 . Notably, the RTC parameterization as continuous covariate led to lower AIC than as categorical covariate (5236.1 vs. 5252.5) and was therefore chosen. No significant influence of either methotrexate use or baseline DAS28 on pharmacokinetic parameters was observed. As expected, in the multivariable analysis, Vc was found to increase with BSA (ΔOFV = 6.9, P = 0.0084) and to be higher in men than in women (LRT = 8.7, P = 0.0031); there was an increase in Vc (ΔOFV = 28.7, P = 8. CD19 counts (LRT = 13.6, P = 0.00022) as well as with serum IgG concentrations (LRT = 28.9, P = 7.4 10 À8 ) in multivariable analysis. The significant decrease of k 10 with RTC found in univariate step disappeared when CD19 counts were added. Our simulations of rituximab concentrations in typical patients with five different CD19+ counts showed that T½-β decreased with increasing values of CD19+ count. Similarly, T½-β decreased with increasing values of baseline IgG concentration: T½-β was 28 days and 11 days for the minimum and the maximum IgG concentrations, respectively. Between the first and the fifth rituximab treatment course, Vc increased by 104% and k 10 decreased by 24%, leading to an increase in T½-β of rituximab from 18 to 23 days (Figure 3 ).
Discussion
To our knowledge, the present study is the first to describe the influence of the amount of lymphocytes-B assessed by circulating CD19+ cell count as target-antigen, and of serum IgG concentrations on rituximab pharmacokinetics in RA patients. In this retrospective single-centre follow-up study, a two-compartment model satisfactorily described rituximab concentrations and pharmacokinetic parameters were reliably estimated, as previously reported [7] . Our results show a time-dependence of rituximab pharmacokinetics in RA patients, which was partly due to the influence of B-cells, as was previously reported in chronic lymphocytic leukaemia [10] . The increase of volume of distribution with body weight and its higher value in males is consistent with previous pharmacokinetics studies of rituximab [7, 19] and other monoclonal antibodies [20, 21] .
We observed an increase in rituximab elimination rate constant (k 10 ) correlated with circulating B-cell counts and also, because B-cell count decreases with time as an effect of rituximab, a decrease of k 10 with time. This is consistent with target-mediated drug disposition, a mechanism frequently reported for monoclonal antibodies [19, 21] , notably in RA for anti-tumour necrosis factor-α monoclonal antibodies [21] . After binding of rituximab to its CD20 target, antibody-target antigen complexes are formed, which results in higher rituximab elimination. This targetmediated elimination is thought to depend not only on antibody concentrations, but also on target-antigen amount, distribution and turnover [20, 21] . Since repeated rituximab injections lead usually to sustained and marked loss of B-cells, a low B-cell count should lead to low target-mediated elimination and therefore a decrease in global rituximab elimination with time in patients with B-cell depletion induced by rituximab treatment. Therefore, the deeper the B-cell depletion, the lower the targetmediated clearance of rituximab and the higher the elimination half-life. Target-mediated elimination of rituximab was described in follicular lymphoma [8] and chronic lymphocytic leukaemia [10] , but to our knowledge was not described in a noncancer disease. However, since no departure from elimination linearity was observed, target-mediated drug disposition models could not be assessed. Of note, blood CD19 count is only a fraction of total antigenic burden, since circulating B-cells represent approximately 3% of total B-cells. The relationship between CD19 count and rituximab elimination may therefore be an approximation of the actual relationship between antigenic burden and elimination. In addition, we observed an increase of k 10 with IgG serum concentrations. This influence might be explained by the binding to the neonatal Fc receptor (FcRn). FcRn, a MHC-class I-like receptor initially described for the transfer of IgG from mother to infant, is involved in recycling and transcytosis process of IgG in humans [23] . A high affinity interaction between FcRn molecules and IgG appears at acidific pH rather than neutral pH, leading to the protection of IgG from intracellular catabolism degradation and the long half-life of 3 weeks of IgG compared to other plasma proteins [23] . This receptor was shown to be saturated with high levels of IgG [24] . The saturation of FcRn recycling system decreases its recycling efficiency and therefore increases the fractional catabolic rate, and therefore the clearance of all IgG, including therapeutic antibodies as rituximab [24, 25] . Unfortunately, pharmacokinetic models that describe FcRnmediated recycling kinetics and endogenous elimination of therapeutic antibodies and competition with endogenous IgG [25] [26] [27] [28] were not identifiable in the present study.
The estimation of IOV (interoccasion or intercourse variability) allowed a better description of pharmacokinetic data. Interestingly, a strongly significant trend towards an increase in volume of distribution (Vc) was observed. The increase of Vc in time denotes a gradual decrease of rituximab concentrations in time. Even if the reasons of this phenomenon remain unclear, a possible explanation might be an immunization against rituximab, which was previously described for rituximab in RA patients by Thurlings et al. [13] . In their study, patients for whom anti-rituximab antibodies were detected had significantly lower concentrations than others. However, the presence of such antibodies seemed not to increase rituximab elimination slope, which is consistent with an increase in Vc and not with rituximab elimination [13] . Unfortunately, the monitoring research of anti-rituximab antibodies was not performed in our cohort of patients.
Our model has limitations. First, the parameterization as first-order transfer and elimination rate constants provided a better characterization of base model than clearance parameterization, which led us to report peripheral volume, and systemic and intercompartment clearances as secondary parameters. Second, neither IIV nor IOV in distribution parameters (k 12 and k 21 ) were estimable, which is explained by the low number of samples during the distribution phase [29] [30] [31] . Third, models accounting for either target-mediated kinetics or FcRn-mediated elimination and competition with endogenous IgG were attempted in the present study, but parameters for either nonlinear elimination or recycling and elimination could not be identified, respectively. Moreover, as IgG subclasses were not available for all the patients and FcRn affinity to IgG differs for different IgG subclasses [32] , IgG subclasses were not tested in our model. Fourth, because the total number of B-cells was not available in clinical routine practice, the actual relationship between rituximab elimination and B-cell amount cannot be determined. Finally, CD19 counts might have influenced the decision of retreatment in some patients. Even if it may have influenced the IOV, it should not have led to parameter misestimation.
In conclusion, we report an influence of lymphocytes B as antigenic burden and of baseline IgG serum concentration on the pharmacokinetics of rituximab in RA patients. Increased elimination of rituximab with higher B-cell counts and higher IgG concentrations might lead to higher chances of underexposure to rituximab in RA patients, and therefore higher chances of decreased clinical response. New studies are needed to investigate the dose-concentration-response of rituximab in rheumatoid arthritis.
